Resonant excitonic emission of a single quantum dot in the Rabi regime 
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We report on coherent resonant emission of the fundamental exciton state in a single semiconductor GaAs 
quantum dot. Resonant regime with picoseconde laser excitation is realized by embedding the quantum dots in 
a waveguiding structure. As the pulse intensity is increased, Rabi oscillation is observed up to three periods. 
The Rabi regime is achieved owing to an enhanced light-matter coupling in the waveguide. This is due to a slow 
light effect (c/v g — 3000), occuring when an intense resonant pulse propagates in a medium. The resonant 
control of the quantum dot fundamental transition opens new possibilities in quantum state manipulation and 
quantum optics experiments in condensed matter physics. 

PACS numbers: 71.35.-y, 78.67.-n, 42.50.Md, 03.67.-a 



Manipulation of quantum bits, which are ideally 
two-level systems, is nowadays the subject to an im- 
portant research effort knowing the possible applica- 
tions in quantum computing. In condensed matter, the 
improvement of growth and integration techniques al- 
lows to think of elementary bricks for quantum com- 
putation based on solid state devices. Semiconductor 
quantum dots (QDs) appear to be very promising can- 
didates since they have demonstrated similarities with 
simple atomic systems mainly because of their discrete 
energy spectrum. However interactions between the 
QD and its environment can cause a sever limitation 
of quantum coherence 0]] . Therefore in order to take 
full advantage of the QD states coherence, it is more in- 
teresting to manipulate the lowest lying transition since 
it is the least interacting with the environment and has 
the longest coherence time. An important feature of 
the strong non-linear interaction between a resonant 
field and a two level-system is Rabi oscillation (RO) 
in which the population of the excited state is driven 
by the field |2|]. This is a key experiment for address- 
ing and manipulating a given quantum state. 
Furthermore, propagation experiments with ultrashort 
light pulses at resonance with a two-level system can 
result in coherent phenomena that modify the group ve- 
locity of light travelling in the medium, leading to pulse 
reshaping |3|] and self-induced transparency H, de- 
pending on different regimes of pulse area. Two phys- 
ical processes produce slow light in atomic systems, 
coherent population oscillation or electromagnetically 
induced transparency The group velocity of light 
can be as slow as a few to.s -1 16[] resulting in many in- 
vestigations for storage of information or lasing with- 
out inversion of population. In semiconductor systems, 
similar coherent effects have been observed, although 



the physical processes are more complicated because 
of underlying many-body interactions. RO in quan- 
tum wells |7||, pulse breakup and self-induced trans- 
parency Jit] are some examples of these coherent non- 
linearities. 

Here, we used a novel experimental configuration 
which allows to perform resonant excitation on the fun- 
damental exciton state in a single QD and an all-optical 
control in real time of the driven state. Up to now, RO 
of an excited exciton state in a single QD has been per- 
formed Jit] . Resonant RO of the fundamental transition 
in a single QD has recently been observed by means of 
four wave mixing lioll or differential transmission [ Fl ] 
and indireclly by photocurrent measurements IU2I1 . To 
our knowledge, resonant emission of a quantum state 
in a single QD has never been reported because exper- 
imentally it is a real challenge to perform excitation 
and detection at the same wavelength. Our basic idea 
was to combine spatially resolved spectroscopy (mi- 
crophotoluminescence, ^tPL) with a waveguiding ge- 
ometry (Fig. 1 ). The QDs of interest are embedded in an 
optical waveguide in which light propagates and inter- 
acts with the QDs. The emission of a spatially selected 
dot is collected in a perpendicular direction so the scat- 
tered laser intensity is low compared to the QD's lu- 
minescence. We demonstrate that in this geometry, 
excitation-induced nonlinearities of the excitonic res- 
onance lead to an enhanced light-matter coupling al- 
lowing resonant RO of the excitonic state and simulta- 
neously reducing the group velocity of the propagating 
light pulses. 

The sample consists of QDs formed naturally by 
monolayer thickness fluctuations at the interfaces of a 
GaAs/GaAlAs quantum wire grown by metal organic 
vapor-phase epitaxy on a V-grooved GaAs substrate. 
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These wires have been extensively studied H 1311 . The 
QD's are elongated along the free wire axis with typ- 
ical lengths from 10 to 100 nm. The number of dots 
along the wire is thus about 10 per micron as observed 
by scanning-imaging spectroscopy 1 1-411 . The confine- 
ment potential along the free wire axis is about 10 meV 
leading to one or two discrete states inside the dots, de- 
pending on their size. 

In order to form a monomode waveguide, the GaAs 
quantum wire is embedded in AlGaAs layers with dif- 
ferent Al concentrations to realize the core and the 
cladding of the waveguide. Due to the geometry of 
the structure, the optical modes have the same V-shape 
and the polarization of the optical modes has a partic- 
ular distribution At the center of the V-shaped 
waveguide the two fundamental modes are along the Y 
and Z direction (Fig.l) and the polarization direction 
rotates toward the edges. The pump laser beam prop- 
agates along the free axis X of the wire and is usually 
polarized along the Y direction iflfjll . 
A specific four optical accesses low drift cryostat has 
been designed especially for these experiments. The 
sample is fixed on a cold finger and cooled down to 
10 K. The light source consists in a Ti-Sapphire laser 
with a few ps wide pulses. The laser beam can be fo- 
cused through any of the high numerical aperture mi- 
croscope objectives placed in front of the cryostat pro- 
viding a diffraction limited spatial resolution of the or- 
der of 1/xm. The beam is focused on the waveguide at 
the edge of the sample, then it propagates along the ID 
waveguide pumping the different QDs embedded in it. 
The luminescence is collected in front of the sample 
by a microscope objective which can be moved along 
the waveguide axis, and a confocal geometry allows to 
probe locally one /im 2 . The sample's luminescence is 
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FIG. 1: (color on-line) Schematic experimental configura- 
tion. The X-axis is the free axis of the wire and corresponds 
to the light propagation direction. The embedded QDs are 
elongated along the X axis. Y is the light polarization direc- 
tion and Z is the growth axis. The grey circle and the blue 
crescent represent the optical mode and the quantum wire re- 
spectively. 



analyzed by a spectrometer with a spectral resolution of 
the order of AQ/ieV . The signal can then be detected ei- 
ther by a liquid nitrogen cooled CCD camera for spec- 
troscopy or by a streak camera with a few ps temporal 
resolution for time-resolved measurements. In order to 
achieve resonant excitation on a given excitonic tran- 
sition, one of the crucials parameters is the structural 
quality of the waveguide interfaces. In fact, the inho- 
mogeneities can induce leaks of the laser beam across 
the waveguiding structure and may completely blur the 
luminescence signal 

The resonant emission of the fundamental exciton 
state in a QD (Fig. 2) consists of a single lorentzian line 
with a FWHM of the order of 100 /ieV, corresponding 
to a dephasing time of the order of 10 ps for this par- 
ticular QD. This homogeneous broadening can be ex- 
plained by interaction with acoustic phonons that de- 
phases the exciton state Hill . In the waveguiding ge- 
ometry time-resolved luminescence of the fundamen- 
tal exciton under resonant and non-resonant excitation 
has also been performed. Under non-resonant excita- 
tion the luminescence decay is mono-exponential and 
the exciton radiative lifetime is slightly longer than in 
the case of resonant excitation (inset of Fig. 2). This 
shortening of the exciton decay can be understood by 
considering that the strong resonant excitation induces 
non-linear effects that act on the population of the ex- 
cited state 11911 . Indeed, the waveguiding geometry 
enhances the absorption efficiency. We have also ob- 
served that the resonant exciton lifetime can vary with 
the pulse area. In the following we will discuss in more 
details these pecularities. 

From the lifetime measurements we can estimate the 
QD length. In previous studies, we have shown that the 
radiative recombination rate is a linear function of the 
length of the dot We find then for the studied QD, 
with a radiative lifetime of the order of 300 ps, a typi- 
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FIG. 2: Resonant emission of a single QD at 10K and low 
pump power. Inset: time-resolved luminescence excited at 
resonance. The decay time is 250 ps. 
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cal length of 40 nm. Andreani et al 112 ill calculated the 
oscillator strength (OS) for monolayer thickness fluc- 
tuations defects in GaAs/AlGaAs quantum wells with 
similar sizes to our QDs. By comparing the area of 
the dots we find that the OS associated to the funda- 
mental excitonic transition is about 50 and the dipole 
moment is also 50 Debye. The obtained value is in 
agreement with other estimations in similar GaAs QDs 
and stronger than in the case of InAs self-assembled 

QDs flim. 

Under strong pulsed laser excitation, resonant with 
a two-level system, RO occurs as a function of the 
input pulse area (the time-integrated Rabi frequency) 
6 = f™n(t')dt' = % f™E(t')dt', E(t) being the 
pulse envelope, and fi the dipole moment of the tran- 
sition [23]. A complete oscillation between the two 
levels of the system is achieved when the pulse area is 
equal to O = 2ir. Then the oscillations observed in the 
emission intensity scale like the \fl where / is the in- 
tensity of the field related to the measured laser power 
as shown in Fig. 3. Here we have plot the maximum of 
the resonant time-integrated ^iPL intensity as a function 
of the measured mean laser power. The spectral width 
of a few ps wide laser pulses is about 500 fieV covering 
all the single line emission of the exciton. Therefore, 
a broadened laser spectrum has been substracted in or- 
der to consider only the emission signal. Oscillations 
up to 57r have been observed in this particular QD cor- 
responding to a pump power of a few mW. Beyond this 
value it becomes very difficult to distinguish between 
the emission and the scattered laser which becomes one 
of the main limitations in the manipulation of the state 
during the coherence regime. By using the semiclassi- 
cal treatment of optical Bloch equations 112411 we can fit 
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FIG. 3: (color on-line) Rabi oscillations obtained from the in- 
tegrated resonant luminescence (black dots) as a function of 
the pulse area. The blue solid line represents the calculated 
time-integrated population of the level and the red dashed 
curved represent the RO without damping parameter. 



the observed RO using a hyperbolic secant pulse. How- 
ever, this simple two-level model does not predict the 
observed damping with increasing pulse area. There- 
fore we introduced a phenomenological intensity de- 
pendent damping parameter to account for the reduc- 
tion of the oscillations amplitude. In this way, the time- 
integrated population of the excited state fits quite well 
the experimental data as shown in figure 3. The set 
of parameters used for the fit are: the population de- 
cay time T\ (measured from the time-resolved lumi- 
nescence) equal to 300 ps and the pulse duration of 1 .5 
ps. We have two ajustable parameters which are the co- 
herence time T2 (of the order of 25 ps) and the intensity 
dependant damping parameter. The value found for T2 
is a lower limit since to fit the data, the only require- 
ment is that the pulse duration must be much smaller 
thanT 2 . 

The presence of this phenomenological parameter is 
also consistent with the measured shortening of the ex- 
citon decay time as a function of pulse area. Indeed 
when we simulate the time evolution of the population 
we find the same order of variation of the decay time. 
The physical processes underlying this phenomenon 
can be non-linear effects like two-photon absorption 
or carrier-carrier scattering 12511 . A Coulomb exciton- 
exciton scattering has also been proposed in ifllll . 

Surprisingly, when trying to fit the dipole moment 
of the transition from the relation 9 = J °° H,(t')dt' = 
2r ii f 2 -, with E a = ^P/e a c related to the measured 
laser power P (120 /iW for a 7r-pulse) and with a pulse 
duration r =1.5 ps, we find a value higher by a factor 
1000 than that estimated from the calculation discussed 
above. This is not consistent with what is usually ex- 
pected for dipole moments in QDs. For the pump inten- 
sities used in our experiments, which are comparable 
to those used by other groups JgUTI, 12], the only pos- 
sibility to explain this result is to account for a much 
stronger light-matter coupling than the expected one. 
It is well established that when an intense pulse trav- 
els in a medium at resonance, several non-linear ef- 
fects can occur as a function of pulse area, acting 
both on the pulse and on the medium 12^1 . In par- 
ticular, at resonance, the refractive index varies very 
strongly due to a dispersive term dn/duj leading to a 
modification of the group velocity of the propagating 
pulses. In the case of large positive dispersion, the 
group velocity becomes much smaller than the veloc- 
ity of light in the medium (v g <C c). By Kramers- 
Kronig relations one finds that when the pulse inten- 
sity is increased, a spectral hole emerges in the ab- 
sorption spectrum at resonance. All these effects are 
schematically depicted in Fig. 4. The transparency win- 
dow around the resonance frequency is the origin for 
self-induced transparency observed for 27r-pulses in 
atomic gases or in semiconductor materials fl. 
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ment of RO. A compromise has to be found for the 
length of the QD in order to get both a high oscillator 
strength and a slow light effect strong enough to obtain 
an important light-matter coupling. In a similar way, 
the pulse duration has to be optimized so that the pulse 
spectral width fits that of the optical transition. The 
pulse delay after propagation in the medium is of the 
order of the pulse duration, therefore only for longer 
pulses would this effect be observable. 

We thank M. Combescot and F. Dubin for stimulat- 
ing discutions. This work has been supported by the 
Region lie de France (SESAME No. E1751). 



FIG. 4: a) 7r-pulse shape and occupation probability of the 
excited state. Schematic representation of the frequency de- 
pendence of b) the absorption coefficient (FT(1 — P(t)), c) 
the refractive index and d) the dispersion dn/dui. 



One can estimate the value of the group refractive 
index by assuming that the absorption coefficient of 

the medium is 12711 a(u>) = cto 1 1 



J_ 



l+(w-w ) 2 /7 2 

where «o is the value of the background absorption, uj 
is the optical frequency, ujq the resonance frequency 
and the 7 the linewidth of the transparency window 
which is of the order of 1/r. Indeed, qualitatively 
the change of the refractive index occurs during the 
interaction time with the pulse (Fig.4b). / is a pa- 
rameter that describes the transparency window, com- 
plete transparency is achieved for / = 1. The refrac- 



tive index associated to this absorption feature is 1270 : 



n{ui) = n +f 1+ ( ( "_"° o ^ t2 and the group index 

is at resonance n g = n + cudn/duj ~ a^Xu^r / At: — 
^^-j^tujo, where A is the vacuum wavelength and L 
the interaction length equal, in our case, to the QD 
size. For a 7r-pulse, the absorption probability should 
be olqL = 1, then the maxmum value of n g is 3000 
for a QD length of 50 nm and the group velocity 



= c/n = 10 m. 



This corresponds to an ab- 
~ 5.10~ 4 [im-" 1 (for ^=50 



sorption cross section 00 
Debye), to compare to the 1 fxm 2 section of the op- 
tical mode. Therefore for a 7r-pulse it is necessary 
to have ^2000 photons to obtain an absorption prob- 
ability equal to 1. The estimated number of photons 
agrees qualitatively well with the experimental excita- 
tion power for a 7r pulse. This means that the pulse 
is delayed and experiences a spatial compression while 
interacting with the QD. Therefore the intensity of the 
coupling field is enhanced by the same factor. 

In summary, resonant luminescence of a single QD 
has been directly observed. Light-matter interaction in 
the waveguiding geometry is clearly non-linear lead- 
ing to a strong coupling regime allowing the achieve- 
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